The "Quartel das Esquadras" is an 18th century infantry barrack located within the limits of the bulwarked fortress of Almeida, in Portugal. An ongoing adaptive reuse project of the building aims to recover its full capacity and also its importance, by implementing a variety of new uses. The architectural intervention results in the need of the structure to withstand new and diverse imposed loads. As the current configuration of the structure will be altered, the main objective of this article is to evaluate the suitability of some of the proposed structural interventions. The current condition has been characterized following a multidisciplinary approach comprising historical research, visual inspection, non-destructive testing, and structural analysis to identify the possible sources of major structural problems. A portion of the building particularly affected by the alterations has been selected to carry out structural analysis. A comparative safety assessment of the selected area in both current and altered condition has been done through finite element modelling and nonlinear static analysis, resulting in an identification of the weaker points against the new implemented loads and alterations. Finally, proposals for the implementation of the studied intervention, as well as recommendations for future research and analyses, have been given.
Introduction
The Quartel das Esquadras is a unique example of early 18th century military barracks (Figure 1 ) placed in the fortified village of Almeida, location of great relevance in the historical border between Portugal and Spain, which is currently running to be recognized as UNESCO World Heritage together with other bulwarked fortifications along the border. Most of the spaces enclosed in the barracks are currently unused and showing deterioration, reason for which the municipality aims to recover the importance and full capacity of the building by promoting an adaptive reuse of its spaces. Therefore, an architectural intervention has been designed in order to reintroduce uses back into the building, which has been proven to be the best way of guaranteeing maintenance, crucial for structural integrity, of historic buildings whose use has become obsolete. The architectural intervention requires such implementations that some structural elements will have to be removed or modified, altering the current configuration of the structure.
The aim of this article is to present the procedure that was followed in order to evaluate the structural intervention by means of analysing the current condition of the structure of the building as well as the expected structural performance after the proposed architectural interventions. In order to evaluate the analyzed structural intervention a set of objectives was set and addressed by means of a wide and interdisciplinary scientific approach (ICOMOS 2005; Provins et al. 2008 ).
The first objective was to acquire a full understanding of the building in its historical and typological context, as well as the requirements arising from the type of the intervention evaluated. This objective is presented in Section 2. This was done by means of: (1) historical research, setting the building within both Portuguese and 18th century military architectural frameworks, as well as making a brief revision of similar adaptive reuse projects; (2) historical research to understand the original configuration of the building as well as any possible alterations experienced, to formulate initial hypotheses regarding the characteristics of the structural elements, and to plan in a more efficient way the later performed survey campaign; and (3) acquire deep knowledge on the building and the analyzed intervention in order to assess its impact on the current state of the structure.
The current condition of the building was portrayed by means of a survey campaign carried out in which visual inspections and non-destructive testing were combined to better characterize the structure. The qualitative information collected by means of visual inspection was complemented by no destructive testing presented in Section 3, by means of sonic transmission tests and ground penetrating radar, obtaining information regarding the hidden properties of the structure.
The influence of the intervention in the structural behaviour of the Quartel das Esquadras had to be studied, taken into consideration all the previously gathered information. This was carried out by means of numerical modeling and structural analysis presented in Section 4, performing a comparative safety analysis of a selected area of the structure in both current and altered conditions. Finally, Section 5 presents the compatibility of the intervention was studied and an evaluation of its advisability was undertaken, resulting in the proposal of a series of recommendations, which in this article are presented as conclusions.
Description of the building

Early 18 th century military barracks in A Raia
Until the end of 17th century, wars in the Iberian Peninsula required troops to be garrisoned in the villages of the Portuguese and Spanish border region known as A Raia. All ranks of enlisted men were distributed among the houses of civilians, causing coexistence, comfort, and economical problems between the soldiers and the householders, which had the obligation to take them in (Lepage 2010; Sánchez-García 2005) . When frontiers became steadier, detachments lingered longer and the overall discontent was aggravated. For this reason, during the 17th and 18th century, there was a proliferation of projects for inserting barracks in fortified villages in A Raia, either readapting existing buildings for hosting soldiers or constructing barracks ex-novo, as in the case of the Quartel das Esquadras (see Figure 2 and Figure 3 ) (Sánchez-García 2005) . Even though the predominant architectural style in Portugal in the 17th century was a transition from "Estilo Chão", also referred as "Plain Architecture" (Kubler 1988) , to Baroque style, Portuguese military engineers developed a unique style. Gathering influences from Baroque but more restrained and sober, it gave responses to functional needs without giving up sensitivity, elegance, and undeniable quality. Several studied barracks from the 17th and 18th century along A Raia showed some characteristic common aspects. The Quartel das Esquadras is an example of the military architecture of this period, gathering many representative aspects of the typology and it can be considered as its highest expression among all the examples (Núñez-García 2015) .
Besides the innovation that supposed to garnish the army in the barracks and the consequent improvement of living conditions of both civilians and soldiers, this stage in the design of military barracks lacked hygienic conditions due to the combination of several activities in the same overcrowded space (Moncada-Maya 2003) . The typology had to give solution to these issues and evolved towards Vauban's proposed model (Lepage 2010) . In the following centuries, the design of barracks would foresee major improvements in accessibility and hygienic conditions. Because of this, many 17th and 18th century military barracks became obsolete and were eventually abandoned by the army during the 19th and 20th centuries. Some of them were used as warehouses or housing for low-income families, but other remained fully or partially unused resulting in evident Cobos and Campos 2013; Galego 2015; SIPA 2015) . deterioration due to a lack of maintenance that, in many cases, lasted until now.
Adaptive reuse of historical barracks
The scarcity of proper spaces in the city center available to allocate new public facilities and the costly maintenance of unused military barracks have recently found together a common solution: the abundance of barracks and their extensive useful surface, their privileged position in historical city centers, well connected to quality urban surroundings, and their simple layout of modular spaces made them a perfect choice for withstanding reuse projects. Reintroducing contemporary uses has been proved to be the best way of guaranteeing the use and maintenance of obsolete buildings, but doing so might alter the loading conditions of the building, and always requires fulfilling current standards and codes. For this reason, adaptive reuse projects many times require rehabilitation projects in order to upgrade the structure to new needs, diverging from strict conservation and leading to strengthening actions that may alter the authenticity of the construction. Therefore, some adaptive reuse projects might somehow be incompatible with conservation principles. Moreover, historical structures are difficult to characterize and their structural analysis might reach complexities demanding careful thorough studies which are not always possible because of time and resources constraints. This makes adaptive reuse projects an extremely interesting option for maintaining built heritage but, at the same time, a very delicate object of study in order to distinguish the compatible interventions from the incompatible ones.
Due to the spontaneous reuse of some historical barracks, many of them have already been altered beyond their original construction, increasing the value of those ones that remained unaltered (Young et al. 1998) . The main problems arising from adaptive reuse projects of early barracks are the ones that once originated their decay: (1) deficient ventilation systems; (2) poor service infrastructures; (3) lack of connections (staircases and lifts) in between floors; (4) reduced size of inner spaces to admit other uses; and (5) extra loading resulting from the introduction of other uses.
Because of these limitations, there are certain reuse activities that are more suitable for barrack constructions due to their similar space demand and associated services, reducing the overall adaptive reuse cost and therefore increasing the feasibility (Young et al. 1998) . Some of those suitable uses are administration offices, dormitories, temporary accommodations, recreation centers, and curation facilities.
Historical survey and visual inspection of Quartel Das Esquadras
The Quartel das Esquadras has suffered several alterations since its construction, but no major alteration in its structural configuration has been performed (Núñez-García 2015) . The building still stands isolated within the urban layout, and no additional levels have been added to the construction. The structure is 106.5 m long, 15.8 m wide, and 11.2 m high.
The main structural system is composed by two levels of 21 adjoining vaulted units, protected by a hipped roof supported by a timber structure (see Figure 4 ). The first floor had to be completely reconstructed after being severely damaged by Spanish bombings in 1762 (Campos 2014) . For this reason, even though the structural system of the main body is almost the same in both levels, finding different morphologies of walls and vaults during the survey campaign was expected to be highly possible. The load bearing walls are rendered all over the construction, but for an external bare stripe at the base of the building, which shows double-leaf walls of ashlar masonry composed by large blocks of granite with an embedded granite impost to receive the barrel vaults. Their defining qualitative characteristics are the presence of horizontal courses and parallepiped-shaped large stones, the absence of aligned mortar head joints, and the lack of transversal connections. The visual evaluation of mortar denoted overall good quality, based on the soundness of mortar joints which showed no loss of material despite not having been recently repointed. Three different types of walls were identified as being of relevance for the characterization of the structure: ground level walls, first level walls, and several other thicker walls (see Figure 5) .
Several inspections were carried out involving the verification of the provided geometrical survey; the verification of the non-structural nature of some of the elements of the building; and the identification of possible presence of damage caused by past alterations or ongoing phenomena (presence of cracks, moisture, biological activity, structural deformation, material deterioration, and use of concrete). The inspection equipment was composed by a measurement tape, a crack meter, auxiliary drawings, a photographic camera, an artificial light, a hammer, a marker, stairs, a rigid borescope, and a drill.
Results obtained from historical research and visual inspection identified the vaulted system as being composed by on-edge brick masonry vaults grouped in five different types (see Figure 6 ). From among them, two types were identified as being of main relevance for the characterization of the structure: the ground floor and the first floor segmental barrel vaults, which were expected to present differences in bonding and thickness. Having all the vaults slightly different dimensions, their geometry can be defined within the same averaged values: 9.8 m long, covering 3.9 m span, and rising 1.35 m from the spring line up to an internal height of 3.85 m. A heterogeneous mix of dust and debris was infilling most of the first floor vaulted system, while the infilling material of the ground floor vaults remained unknown.
The roof structure is a combination of timber and masonry elements cladded with Arabic tiles. A very characteristic feature is the presence of twelve large chimneys, remaining of the sequence of 21 chimneys that once riveted the top of the building. The chimneys arise from the ground floor, going through the segmental barrel vaults, and reach the top part of the rooftop, and their load-bearing nature is yet to be clarified.
Damages identified in the visual inspection were grouped in material deterioration and mechanical damage, with special mention to man-made alterations, moisture presence, and the damage identification of the rooftop (see Figure 7 ) (Núñez-García 2015) . At material level, the main damages were characterized by: (1) surface changes, related to the presence of moisture in different forms and the aggressive solar exposition of the south and eastern façades; (2) disintegrations related to the past addition of cement-based plaster, and to environmental effects deteriorating masonry units and mortar; and (3) biological growth on northern and southern façades, higher plants on roofs, and lichens on stone parapets. Concerning structural damages and besides the timber elements of the roof, which are showing pronounced decay and deformation, the structure is not showing any major structural problems. On the roof visible damages of the structure: the presence of moisture, the use of concrete and the lack of maintenance, or a combination of them.
Description of the intervention and the new main structural problems
The introduction of an extensive variety of uses, which demand very different and specific requirements, results in the need of the structure to withstand new and diverse imposed loads. Moreover, the building typology, because of its rigid spatial distribution, lacks passages and communication systems in order to enable a proper contemporary use of the building, fulfilling architectural requirements and current building codes. Therefore, the analyzed intervention foresees the introduction of the required passages and communication systems (see Figure 8 ) for which some structural elements will have to be removed or modified (see Figure 9 ), altering the current configuration of the structure.
Certain points have been identified as possible sources of major structural problems: (1) the influence of the addition of high live loads on top of the vaulted system of the first floor; (2) the influence that the openings in walls and vaults might have in the overall structural safety of the building; (3) the risk that an intervention (introduction of an elevator, wine rack, and passage) in an intermediate thick wall supposes, especially considering the complete lack of information regarding its morphology; (4) the compatibility between the proposed reinforced concrete structure and the original structure; (5) the suitability of the designed steel lintels for their purpose; and (6) the influence in the structural behavior of the order in which the interventions will be performed.
In situ testing
Since essential information for characterizing the structure was needed, and the parameters to be studied couldn't be extracted from a visual inspection, and no samples could be extracted to evaluate in laboratory conditions the compressive strength and elastic modulus, an in situ testing campaign was planned and carried out. The results from historical research and visual inspection were useful for identifying certain walls and vaults as main objectives for further characterization in order to incorporate in the most reliable way possible their real characteristics in the analysis of the capacity of the structure.
The main aspects to be investigated were the verification of the provided geometrical survey, in particular: (1) the thickness of the vaults in the ground and the first floor; (2) the current condition of the structural elements, and the identification of damage caused by past alterations or ongoing phenomena (presence of cracks, moisture, material deterioration, and use of concrete); and (3) the presence, height, and characteristics of infilling materials; the material and morphology of all identified types of walls and vaults; the mechanical properties of the masonry of the different types of walls identified.
The testing campaign comprised the application of sonic testing, and ground penetrating radar. Both techniques are proven to be a successful combination when investigating the quality of masonry wall sections, as they provide limited but complementary information regarding the morphology and properties of masonry.
Sonic transmission tests
Sonic transmission testing is one of the applications of elastic wave methods, which analyses the propagation of different types of waves across the materials in order to extract information about their properties (Anzani et al. 2010; Binda, Saisi, and Tiraboschi 2001; Miranda et al. 2012) . By means of analyzing the propagation of P-waves and R-waves through masonry elements, an illustrative idea of the morphology of a wall can be extracted, and the presence of voids or detachments identified. This qualitative approach is based in the fact that the velocity of a stress wave passing through solid materials is directly related to its density (ρ), Young's Modulus (E), and Poisson's ratio (ν). For this reason, sonic tests were chosen as the most appropriate non-destructive technique to extract information regarding the morphology of the three different types of walls previously identified, enabling a qualitative comparison between them.
In the execution of sonic tests, an impact is generated on the surface of a structure with a hammer or an instrumented hammer, which records the trigger signal. The transducers, positioned at a known distance from the impact point, register the signal in which the arrival of the waves can be later identified when analyzing the signal in the post processing software. Once the travel time is obtained, the propagation velocities can be calculated given that the distance between transducers is known. According to the relative position of the transducers, sonic tests can be direct, indirect, or semi direct. Analyzing signals from direct tests allows the mapping of P-waves velocities, revealing information about the morphology of the wall. Analyzing velocities from indirect tests makes possible, selecting an estimated density of the masonry, an estimation of the Poisson's ratio and the Young's modulus of the corresponding leaf of the wall. Signals from semi-direct tests can also be used to map P-waves velocities, but are usually performed when two opposite surfaces of the structure are not accessible to perform direct tests, thus positioning the transducers on adjacent surfaces instead.
The tests performed as part of the survey campaign were direct and indirect, and the equipment used included one accelerometer, one instrumented hammer, cables, one data acquisition board, and a laptop. First, direct tests in individual stones from the exterior bare walls were performed in order to have a reference value of the propagation velocities through the granite stone, under the assumption that is the material composing the interior masonry walls. The average velocity obtained (3351 m/s) was a reasonable value considering that the average propagation velocities of P-waves(V P ) in stones are within the range of 2000-5000 m/s (Binda, Saisi, and Tiraboschi 2001; Miranda et al. 2012) .
Three walls were selected to be studied by means of sonic testing: a ground floor standard wall (W1); the ground floor thicker middle wall (W2); and a first floor standard wall (W3). All walls had both faces rendered, but for the external face of wall W2. Indirect and direct tests were carried out over a surface of 2.25 m 2 in a 4 × 4 grid of points, separated from each other by 50 cm in vertical and horizontal directions (see Figure 10) .
The estimation of the masonry's density, necessary for the calculation of the Young's modulus, has been based on the values recommended by the literature (NTC 2008) for masonries with qualitative characterization similar to the one described in Section 1.3. A density of 2000 kg/m 3 was used, assuming a medium masonry quality and applying the corresponding knowledge levels, confidence factors and corrective coefficients.
The obtained data, even though mainly qualitative, yielded very useful information regarding the morphology of the studied walls. The hypothesis based on historic research, that the load bearing walls might have different properties in ground and first floors, was validated. The first floor wall (W3) presents average velocities, directly related to the density, 80% the value of the ones in the ground floor wall (W1). This is also reflected in the estimated Young's modulus, which is 1.13 GPa for wall W3 while a value of 2.06 GPa is reached in wall W1 (see Table 1 ).
Calculations show very high values of Poisson's ratio, not fitting the reasonable values for masonry, possibly influenced by the measurements of Rayleigh wave's velocity (V R ). For this reason, it is recommended not to use them for future structural analysis and select reference values from the literature. However, Young's moduli are within the reference values expected for historic masonry, and the values obtained match the considered hypotheses.
Mapping the obtained sonic velocities over each one of the tested grids allowed to graphically and proportionally contrast the density between grid points of each wall, as well as the density distribution among the three tested walls (see Figure 11) . In general, walls have been found to present a very heterogeneous distribution of propagation velocities for masonry walls; especially walls W1 and W3. The extreme values could correspond to: transversal stones, because the velocity is similar to the one obtained for the reference stones; and areas with very poor masonry quality or with inner voids where the velocities are lower. Results suggest the presence of voids in the three inspected walls. This reveals that, if an increase of the mechanical properties of the wall is needed, grout injection could be considered.
The results obtained from the direct tests in wall W2, much less heterogeneous than in the case of wall W1, display much lower average values (V P = 725 m/s) with lower coefficients of variation than in the case of walls W1 and W3. Even if it fits into the expected values for a historic masonry wall (V P = 350-2,500 m/s), it is a rather low value and that might be caused by a very low masonry quality, the presence of infilling material, the presence of inner voids, or a combination of some of these factors. Further investigation was needed in order to determine which cause it was.
Combination of impact-echo and sonic testing
By means of studying the geometrical survey, an approximated value for leaf A thickness of at least 80 cm could be estimated by impact-echo test (Lombillo et al. 2013; Sadri 2003) . Knowing the depth of the leaf was essential for determining an estimated cross section and a Young's modulus of the infill of the wall. For this reason, a study of the frequency content of the direct tests signals based on the approach of impact echo, a wave propagation- based technique which uses frequency domain analysis for data interpretation, was carried out. The three most representative signals of each test, the ones closer to the average value, were analyzed. By identifying the higher frequencies of each signal, and considering the relation between the frequency, depth, and the velocity V P , an estimative value of the depth of the leaf in each point could be calculated according to the Coefficient of Variation (COV) (see Figure 12) . Some of the signals showed less clear frequency content, possibly due to a very irregular surface of the stone (marked with dashed lines in Figure 12 ). Results showed an average value of 91 cm, greatly influenced by the possible presence of larger stones in the base of the wall, which was usual practice among the stonemasons. In order to exclude the values affected by the unclear signals, results with a COV higher than 10% were discarded and a new average value of 82 cm was obtained. The initial hypothesis which considered that the investigated leaf could have a depth of 80 cm was then validated.
Known the thickness of both leaves thanks to the sonic and Ground Penetrating Radar (GPR) testing, a correlation between the propagation velocities V P obtained in the direct and indirect tests was done, and the propagation velocity across the infill was calculated (see Figure 13) . For guessing the Young's modulus of the infill the Equation (1) was used, obtaining a value of 0.31 GPa. This value is within the range of Young's Modulus of earthen materials, reason for which the infill of wall W2 is believed to be earth, confirming a hypothesis elaborated after finding presence of earth between two stones of one of the thicker walls during the visual inspection:
Ground penetrating radar
Ground Penetrating Radar (GPR) is a non-destructive technique based in the propagation of electromagnetic signals at high frequencies, whose primary application, four decades ago in the field of geology, was locating buried objects or interfaces beneath the ground surface. Besides its initial application, it is nowadays used in the field of structural engineering to evaluate hidden characteristics of structures, such as the inner geometry of masonry structures, embedded timber elements in masonry structures or metallic elements such as rebars in concrete (Lourenço et al. 2007; Rucka, Lachowicz, and Zielińska 2016; Valle, Zanzi, and Rocca 1999) . The method allows real time acquisition of radar images (radargrams) of the interior of a medium, either earth or structural elements, without any alteration of its surface. The obtained radargrams are later post processed to facilitate the identification of anomalies within the medium. The identification of such anomalies is based on the changes of the electromagnetic properties of the materials inspected. GPR systems record the time that the emitted signal takes to go from the transmitter antenna to the reflecting interface, and then back to the system, in which the receiving antenna will record its arrival and send the information to the central unit. The recorded time, usually expressed in nanoseconds (ns), receives the name of "two-way travel-time". An anticipated idea of the materials of the medium to be inspected might be necessary to correctly interpret the radargrams and if depths want to be measured in the radargram. Velocities of propagation (v) and depth of the reflecting interfaces (h) can be put in relation with the two-way travel-time (t) by Equation (2), which is the equation that governs propagation and reflection of radiowaves in dielectric materials. This equation is used by several authors, such as Clemeña (1991), Padaratz and Forde (1995) , and Daniels (2004):
Regarding the application of ground penetrating radar to inspection of masonry structures, the technique is appropriate for detecting the thickness of masonry elements with multiple leafs, yet heterogeneity and the presence of humidity sometimes demand the collection of samples in order to verify the propagation velocity of the waves within the material. The presence of humidity can be therefore detected, and a transition from dry to wet materials can be identified by two ways: detecting a reduction in the propagation velocity of the emitted signal, or detecting attenuations in the amplitude of the signal (Lourenço et al. 2007 ). The loss of information that both cases would imply is one of the main drawbacks of GPR, together with the fact that skilled professionals are necessary in order to extract any clear conclusions from the survey, because of the complexity of the interpretation process.
However, the non-destructive nature of GPR techniques, combined with its capacity of detecting hidden properties of masonry elements, made it an evident choice, and sometimes the only one, to collect the necessary information regarding the geometric and morphologic characteristics of the structure. In this case, the main aspects to be inspected were the thickness of the vaults in the ground floor; the presence, height and characteristics of infilling materials; and the morphology of all identified types of load bearing masonry walls. Based on these aspects, the areas to be investigated were chosen and the survey was carried out with medium to high frequency antennas (500 and 800 MHz).
A ground floor standard wall, a first-floor standard wall, the ground floor thick wall and barrel vaults in both floors were inspected. The load bearing standard masonry walls have been characterized as double leaf masonry walls with transversal connectors and no rubble between the leafs, showing the presence of humidity in both levels (see Figure 14) .
The survey carried out in the ground floor thicker wall (W2) revealed a thickness of the exterior leaf of the wall of approximately 40 cm, and the presence of high contents of humidity within the section of the wall. The inner leaf could not be measured because of the high humidity content present in the chamber. The comparison between the two-way travel-times across both types of vaults yielded that the ground floor vault had a thickness approximately two times the thickness of the first floor vaults, which had been previously measured in the survey campaign. In regards to the infill material present in the extrados of the vaults, it was possible to observe a mix of dust and debris in the vaults of the first floor. Therefore, taking into account that the GPR inspections revealed a rather heterogeneous infill in the vaults of the ground floor, characterized by innumerous small hyperbolae, it can be concluded that infill is similar to the one observed from the roof.
Structural analysis
In order to study the wider range of issues possible, an area of particular relevance for the intervention was selected to generate a local model (similar approach as in Lourenço et al. 2007 ) composed by solid elements, which represented three bays of both levels of masonry structure of the main body of the building: the load bearing walls, the impost line, the barrel vaults, and the infill. The selected area not only presents the wider openings in the walls projected in the intervention, but also includes the ground floor thicker wall W2 and all its alterations. The safety assessment of the current and the altered state of the selected part of the structure has been studied by means of generating two models: one that simulates the current state of the building and a second altered model with the alterations to be carried out by the intervention (see Figure 15) , and computing a sensitivity analysis by means of several nonlinear static analyses.
Numerical model
Mesh
The solid elements chosen to model the masonry structure were ten-node, three-side isoparametric solid tetrahedron elements, while the reinforced concrete beams and the elevator core introduced in the altered model were modeled using six-node triangular isoparametric plane stress shell elements (see Figure 16) . The boundary conditions at the base of the model have been considered pinned, restraining translational movements in all three directions. To incorporate the interaction and confinement with the adjacent bays, translations in the longitudinal axis have been restrained. Due to the poor connection the façade and the transversal walls might have, the contact with the façades was modeled with unrestrained nodes.
In order to simplify the model of the original structure, the roof structure was not modeled, but the loads derived from it have been evaluated and incorporated in the model; the chimneys have been taken into account by including the openings and loads associated to them; and the partition walls have been simplified as pressure loads applied over the ground floor infill, as well as the granite pavement.
For the altered state structure, the model incorporates all previous considerations with the ones associated with the intervention, namely: the material corresponding to the openings in walls and vaults has been removed; the reinforcements derived from the openings (steel lintels in walls, edge concrete beams in vaults) have been incorporated; the lintels in the partition walls have been simplified as point loads applied on the granite impost line; and the reinforced concrete elevator core has been inserted.
The findings derived from the non-destructive testing campaign were incorporated in the material characterization, and the morphological definition of walls and vaults. In order to better portray the morphology of wall W2 in the model, the wall was modelled as a multiple-leaf masonry wall incorporating the material properties obtained from the testing campaign (see Section 3.2.). 
Loads
All the loads considered in both analyses are vertical loads, comprising the self-weight and the imposed occupational loads, as defined in CEN (2002) . A summary of the applied values can be consulted in Table 2 , and their application points in Figure 17 . As the analyses aim to better understand the behaviour of the altered state of the structure under ordinary conditions, no seismic loads were taken into consideration in the model. However, further investigation should evaluate the influence of the openings in the seismic safety of the structure.
For the current state model, the self-weight loads incorporated in the current state model were the roof structure, applied in punctual areas; the partition walls, applied as surface pressure where they are standing; and the first floor granite pavement, applied as pressure load over the infill of the ground floor vaults. No information has been found regarding the self-supported nature of the chimneys. In order to be on the safe side, the loads associated to the chimneys were applied around their openings in the first numerical analyses. Nevertheless, such load was inducing very local failures on the edge of the openings, preventing the analyses to progress any further. In order to portray a more general failure of the structure, the final analyses were done under the hypothesis of having self-supported chimneys, and their loads were not included.
The live loads incorporated in the current state model were snow loads and occupational loads. The snow loads, estimated according to the location of the village of Almeida and the geometry of the roof, were applied in the same punctual areas than the roof structure loads. The occupational load, corresponding to office areas, was applied as pressure load on top of the infill of the ground floor vaults.
The self-weight loads incorporated in the altered state model included the same loads corresponding to the roof structure, the granite pavement, and some of the partition loads. The weight of the partition walls affected by the execution of the openings was incorporated by applying on the granite imposts the corresponding weight that the newly incorporated lintels would transfer to the walls. This intervention mainly affects the walls located in the ground floor. One more addition to the self-weight loads considered in the altered state model were the loads corresponding to the self-weight of the staircase, applied around the opening.
The live loads incorporated in the altered state model included the same live loads of the current state model, because the snow loads and the occupancy loads of the first floor were not being changed. In addition to them, the live loads corresponding to the archive on the first floor were also incorporated, as well as the occupational loads corresponding to the staircases, applied around the opening.
Materials
The defined material properties combined values extracted from the post processed data collected in the non-destructive testing campaign, and reference values from the literature (e.g., Ramos and Strum 2014) . A variety of materials was present in the model: (a) stone masonry walls; (b) brick masonry vaults; (c) infilling materials; (d) steel lintels; and (e) reinforced concrete existing lintels, proposed beams, and elevator core. From all of them, the masonry and infilling materials were considered to present non-linear behaviour, while for the reinforced concrete and the steel elements only elastic properties were defined (see Table 3 ). As the steel lintels were modeled as simplified parallelepiped shapes, their Young modulus had to be adapted in order to create an equivalent section. By maintaining constant the product of the Young's modulus by the moment of inertia of the cross section, an equivalent Young's modulus was calculated. In the same way, equivalent densities were estimated in order to keep constant the load that will be applied to the masonry walls below the 20 cm bearing length.
The material model adopted to represent the non-linear behaviour of the masonry was a Total Strain Rotating crack model. For the tensile cracking, an exponential predefined softening curve was assigned, and the crushing under compression was defined using a predefined parabolic function.
The mechanical properties (see Table 3 ) defined for the stone masonry walls were based on the Young's Moduli obtained in the testing campaign, following recommendations from (CEN 2012) and (Lourenço 2009 ). The compressive strengths obtained in this way, a thousandth of the Young´s moduli, were low for granite masonry walls. However, they were used in the numerical model in order to be on the safe side of the analysis. Each compressive fracture energy was obtained using a ductility factor "d" of 1.6 mm, which is the ratio between the fracture energy and the compressive strength (Lourenço et al. 2007 ). An average value of 0.012 N/mm 2 was adopted for the tensile fracture energy. The mechanical properties defined for the brick masonry vaults were calculated following the same recommendations, considering lightweight mortar, and using the average compressive strength reference values of analogous ancient Portuguese handmade bricks from the 18th century found in the literature (Lourenço, Fernandes, and Castro 2010) . In the same way, the mechanical properties of the granite impost were based on literature on Portuguese granites (Vasconcelos and Lourenço 2009 ). The infilling materials were based in the Young's Modulus estimated in Section 3, establishing a minimum compressive strength of 1 MPa.
Further investigation could be done for obtaining more reliable data regarding the material properties. The Young's moduli obtained from non-destructive tests could be verified performing flat-jack or tube-jacks tests in the masonry walls (Manning, Ramos, and Fernandes 2016) . The influence of the mechanical parameters on the structural response could be studied by means of parametric analysis. An update on the material properties could also be done by calibrating a global model of the building with modal parameters obtained from dynamic identification.
Analysis procedures
Two different approaches were adopted for the safety analysis of the selected area: first, a study of the influence that the proposed alterations would have on the safety of the structure was done by means of comparing the maximum load factors of the current and the altered state models. The maximum capacity of the structure in each state was represented by a load factor, a ratio between the total loads applied until failure, and the self-weight and live loads of the structure. In order to determine the load factors of the current and the altered state, increments of the self-weight (DL) and live loads (LL) were successively applied to the structure (Equation (3)):
Second, a study of the safety of the altered state of the structure against the new imposed live loads was done by means of applying successive increments of it. In order to study how many times could the altered state of the structure withstand its live loading condition, the loads applied in the safety analysis were based on progressive increments of only the total live load of the structure (see Equation (4)) after the model was initially loaded by its total self-weight:
In all cases, the Modified Newton-Raphson iterative method with an energy convergence criterion tolerance of 0.001 was used to solve the numerical problem.
Results and analysis of the proposed alterations
4.3.1 Results of the influence of the proposed alterations on the structure safety&lt;/ 3&gt In the case of the current state, the observed damage leading to failure is caused by crushing of the stone masonry at the base of the standard ground floor walls (see Figure 18 ). Crushing arises when the ultimate compressive strength (2.0 MPa) is reached; this is first experienced at the base of the masonry walls at LF = 4. When the maximum load factor LF = 5.63 is reached, the area compressed over its strength has spread along the wall, causing a consequent deflection of the structure in the northern side.The development of other damages can be observed, such as the cracking of the ground floor vaults below the partition walls, the cracking of the first floor vault over the existing lintels, and the cracking of the top part of the first floor masonry walls next to the openings of the chimneys. Similar to the model of the current state, analysis of the altered state revealed that the observed damage leading to failure is once again the crushing of stone masonry. In this case, crushing of the masonry walls develops sooner at the base of the southeastern pier, which is formed by the excavation of the opening in the wall (see Figure 19) . Crushing occurs when the stress at any material point reaches the ultimate compressive strength (2.0 MPa). This is first observed in the pier at LF = 1.2, and spreads further until the maximum load factor LF = 2.0 is reached. Damage has caused a progressive leaning of the structure towards the damaged pier (see Figure 19) . The reason why the structure is failing first in that pier, and not in the one formed in the central wall, is because the opening in the wall that is failing is 1.10 m wider, and therefore the steel lintel is overloading the pier at higher levels.
The main conclusion extracted from the comparative safety analysis is that the altered state of the structure presents a safety factor (2.00) lower than the one of the structure in its current condition (5.63) (see Figure 20) . Crushing of the stone masonry at the base of the ground floors leads the structure to failure.
Safety analysis of the altered structure against live load
In the safety analysis of the altered state model against live loads, a maximum load factor equal to 3.4 has been reached for a vertical load associated to the archive on the top floor of 5 kN/m 2 . In this case, crushing of the masonry walls develops similarly to the previous studied altered case, sooner at the base of the southeaster pier, which is formed by the excavation of the opening in the wall (Figure 21 ). Crushing occurs when the stress at any material point reaches the ultimate compressive strength (2.00 MPa). This is first observed in the pier at LF = 2.0, and spreads further until the maximum load factor LF = 3.4 is reached, causing a progressive leaning of the structure towards the damaged pier (see Figure 21) . The reason why the structure is failing first in that pier, and not in the one formed in the central wall, is because the opening in the wall that is failing is 1.10 m wider, and therefore the steel lintel is overloading the pier at higher levels.
The main conclusion that can be extracted from the analysis is that the altered condition of the structure, in the studied area, could withstand a maximum load 3.4 times the live load implemented by the project, but in the process it would develop irreversible damage (see Figure 22) . The stone masonry ground floor walls have been once more depicted as the weakest point in structural system. The damage in the first floor wall, where the vault has been removed, shows the importance that continuity has for the adjacent vaulted systems: if a vault or part of a vault is missing, an asymmetry is generated and the asymmetrically loaded wall deforms until cracking. Additional vulnerable points were located, such as the connection between the first floor vaults and the elevator core.
Comparison of the results
In the different analyses, the crushing of the stone masonry walls at the base of the ground floor led the structure to failure, pointing them as the weakest point of the structure. In case of the altered state models, the obtained safety factor was reasonably lower because the increment of live loads and the execution of the openings performed in the walls aggravated the condition of the ground floor walls. Therefore, it can be stated that the intervention in the structure would decrease its capacity of withstanding loads. It can be recommended that, in the case that an increase on the load bearing capacity of the structure was needed, either in current or altered condition, the ground floor walls would be the structural element whose mechanical characteristics should be improved, particularly in the vicinity of the openings. While carrying out the analyses, it has been discerned that determining if the chimneys are or not self-supported highly influences the results of the analyses. In the first generated models, the chimneys were considered as supported on the rest of the structure. The obtained results showed local failures on the edge of the vault, right below the loads, and the obtained load factors were much lower than the analysis without the chimneys. In order to better study a more general failure of the structure, the final models presented in this article were analyzed under the assumption of having self-supported chimneys. Nevertheless, further investigation on the connection of the chimneys with the rest of the structure is needed, as it is crucial for a proper interpretation of the obtained results.
Regarding the inserted reinforcements, results from the analysis suggest that compatibility problems will not arise from the insertion of the elevator and the concrete beams, as long as the live load factor does not increase over 2. The wine rack integrated in the thicker wall does not show any critical point, but it is important to take into consideration that, in the model, it was being executed in a hypothetical 80 cm masonry leaf. If the cross section of the inner leaf is thinner in the area to be excavated, problems during the construction process might appear. For this reason, even though the structural analysis shows no damage due to the insertion of the wine rack, an impact-echo survey is recommended to define the depth of the inner masonry leaf in the exact area to be intervened, prior to the execution of the opening. The steel lintels designed in the structural project do not show any problems in withstanding the imposed loads, but they will cause a higher concentration of stresses in the masonry piers. Increasing the bearing length of the steel lintels would help reduce the stress concentrations in their supports.
Conclusions
This article presents an interdisciplinary scientific approach to the evaluation of the structural interventions derived from the ongoing adaptive reuse project of the Quartel das Esquadras. The safety of the studied area of the structure has been proven to be diminished by the interventions proposed in the project, but the structure in its altered condition has been verified to withstand its loading condition within a reasonable safety margin. The damage mechanism leading the structure to failure has been identified as being the same in the current and altered condition of the structure: crushing of the ground floor stone masonry walls at their base. Therefore, the ground level walls have been determined to be the most vulnerable point of the structure, whose mechanical properties should be increased in the case that higher load bearing capacity of the structure was necessary. As sonic tests showed a remarkable presence of voids within the cross section of the walls, lime-based grout injections could be a feasible solution. Transferring the archive to the ground floor would also increase the load factor of the structure in the altered state, as it would result in a reduction of the stresses at the masonry walls.
Research on the morphology and certain mechanical properties of the masonry walls and vaults was necessary. For this purpose, a combined interpretation of data collected in the visual inspection and the testing campaign was proven to be of extreme importance, as each technique provided limited information about the properties of the structure, but they complemented each other in such way that estimating the quality of the masonry elements was possible. In order to increase the level of knowledge regarding the morphology of the walls, impact echo and sonic tomography could be performed in those areas in which more precise information could be needed, such as where the wine rack is going the be built. In order to validate the material properties that have been estimated by means of sonic tests, verifications could be done by performing additional testing campaigns. Flat-jack tests and coring would yield more accurate results, and they can be performed in the areas to be demolished, keeping unaltered the structure that is not going to be intervened. Further structural analysis would be useful not only for evaluating the structural behavior in other areas of the building, but also for characterizing in a more accurate way the material properties of the structural elements. Several types of analyses would have an interesting application to the Quartel das Esquadras. An update of the material properties could be done by calibrating a finite element model using the experimental modal parameters that were also collected on site as part of the testing campaign. Parametric analysis could be performed in order to extract the influence that the different properties of the material might have in the structural response.
